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Abstract
Low-scale string models, in which the string scale Ms is of the order of TeV with
large extra dimensions, can solve the problems of scale hierarchy and non-renormalizable
quantum gravity in the standard model. String excited states of the standard model
particles are possibly observed as resonances in the dijet invariant mass distribution at the
LHC. There are two properties to distinguish whether the resonances are due to low-scale
string or some other “new physics”. One is a characteristic angular distribution in dijet
events at the resonance due to spin degeneracy of string excited states, and the other is an
appearance of the second resonance at a characteristic mass of second string excited states.
We investigate a possibility to observe these evidences of low-scale string models by Monte
Carlo simulations with a reference value of Ms = 4TeV at
√
s = 14TeV. It is shown that
spin degeneracy at the dijet resonance can be observed by looking the χ-distribution with
integrated luminosity of 20 fb−1. It is shown that the second resonance can be observed at
rather close to the first resonance in the dijet invariant mass distribution with integrated
luminosity of 50 fb−1. These are inevitable signatures of low-scale string models.
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1 Introduction
One of theoretical problems of the Standard Model (SM) is that it does not describe gravi-
tational interaction in a renormalizable form. String Theory is a strong candidate for a theory
of quantum gravity. There is another theoretical problem so-called hierarchy problem. If the
fundamental energy scale of gravitational interaction, i.e., the Planck scale, is considered as a
fundamental scale of the SM, a large hierarchy between the Planck scale MPl ∼ 1019GeV and
the weak scale MW ∼ 102GeV can not be understood. It is proposed that the string scale
Ms =
√
1/α′ which is the fundamental scale in String Theory could be much lower than the
Planck scale due to the existence of large extra dimensions [1, 2]. This is a solution to the
hierarchy problem in the framework of String Theory with the string scale Ms ∼ O(1) TeV.
Such string models with the low string scale are called low-scale string models (for review, see
Ref.[3]).
In low-scale string models, the Planck scale is described as
M2Pl =
8
g2s
M8s
V6
(2π)6
, (1.1)
where gs is string coupling and V6 is the volume of six-dimensional compactified space. Note
that closed strings which mediate gravitational interaction propagate in whole ten-dimensional
space-time. If it is assumed that gs is small for perturbative theory, V6M
6
s ∼ 1032 is required with
Ms ∼ O(1) TeV. Imagine a Dp-brane whose p-dimensional space contains our three-dimensional
space. Open strings on the Dp-brane give gauge symmetry, and the gauge coupling constant
in our four-dimensional space-time is given by(
g2
4π
)−1
=
2
gs
Mp−3s
Vp−3
(2π)p−3
, (1.2)
where Vp−3 is the volume of (p − 3)-dimensional compactified space parallel to the Dp-brane.
For appropriately large gauge coupling, Vp−3 should not be very large: Vp−3Mp−3s ∼ 1. With
the above condition for large MPl, the volume of (9− p)-dimensional compactified space, V9−p,
should be large as much as V9−pM9−ps ∼ 1032, because V6 = Vp−3 × V9−p. Gravity escapes to
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large transverse directions to the Dp-brane and the strength of gravity on the Dp-brane becomes
weak. It has been shown in Ref.[4] that this type of anisotropic compactification is possible in
String Theory.
A gauge symmetry U(N) is realized on a stack of N D-branes. We consider models
in which such stacks of D-branes relevant to the SM are localized in compactified space,
i.e., “local models” in Ref.[5]. We need, for example, four stacks of D-branes to realize
U(3)color×U(2)left×U(1)×U(1)′ gauge symmetry. Since U(N) = SU(N)×U(1), there is an U(1)
symmetry on each stack of D-branes. The massless modes of open strings on U(3)color branes
are identified as gluons and an additional U(1)color gauge boson, and the massless modes of
open strings on U(2)left branes are identified as weak bosons and an additional U(1)left gauge
boson. The U(1)Y gauge symmetry in the SM is an independent linear combination of four
U(1) symmetries.1
The chiral matter for the SM is realized by open strings whose two ends attach on two
different stacks of D-branes intersecting with each other [6]. Space of the intersection between
the two different stacks contains our three-dimensional space and the open strings are localized
on that space. For example, left-handed quark doublets QL are realized by the massless modes of
open strings between U(3)color and U(2)left branes, right-handed up-type quarks U¯R are realized
by the massless modes of open strings between U(3)color and U(1) branes, and so on.
In addition to the SM particles, there are many massive states: “string excited states” as
massive modes of open strings, Kaluza-Klein (KK) states of the SM particles and string excited
states, and various closed string states.
In this paper, we explore a possibility to observe signatures of low-scale string models in
dijet events at the LHC. As it is reviewed in the rest of this section, there are some model-
independent features in parton two-body scattering amplitudes. We investigate dijet events
including contributions of string models by Monte Carlo simulations. We concentrate on the
following two distinct properties.
• A resonance in the dijet invariant mass distribution by “string excited states” consists
many degenerated states with various spins. An analysis of the dijet angular distribution
at the resonance must be very important to have a signature of low-scale string models
[7, 8, 9].
• String nth excited states have masses of Mn =
√
nMs. A second resonance at a place
√
2
times far from the place of the first resonance in the dijet invariant mass distribution, is
a signature of low-scale string models.
In the rest of this section, we discuss the model independency of predictions to parton
two-body scatterings at the LHC by low-scale string models [5]. We begin with summarizing
generally spectra of low-scale string models in four-dimensional space-time.
The spectra of excited states of open strings can be understood from open-string two-body
scattering amplitudes which are calculated by the world-sheet superconformal field theory in
flat space-time. If we consider a D3-brane where the world volume coincides with our four
dimensional space-time, the open-string amplitudes depend only on the string scale Ms, group
1Remaining three U(1) symmetries are usually “anomalous”, and these gauge bosons are massive.
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theoretical factor and gauge coupling constant, and do not depend on the details of model
buildings such as the way of compactification and configuration of D-branes. String effects in
the open-string two-body scattering amplitudes are described by “string form factors” which
are functions of the Mandelstam variables s, t and u (with s+ t+ u = 0) [10]. A typical form
of the form factor function is
V (s, t, u) =
Γ(1− s/M2s )Γ(1− u/M2s )
Γ(1 + t/M2s )
. (1.3)
In a low-energy limit Ms → ∞, the string effects disappear as V (s, t, u) → 1, and the string
amplitudes become equal to the SM amplitudes (see Appendix A for details). In case of a finite
value for Ms, the form factor function is expanded by a sum over infinite s-channel poles,
V (s, t, u) ≃
∞∑
n=1
1
(n− 1)!
1
(M2s )
n−1
1
s− nM2s
n−1∏
J=0
(
u+ JM2s
)
. (1.4)
This expansion is a good approximation, near each of nth pole s ≃ nM2s . These poles correspond
to string excited states which have masses Mn =
√
nMs. They are degenerated with different
spins from J = j0 to J = j0 + (n− 1) for each nth pole, where j0 is an original spin of initial
states in the two-body scattering processes. These string excited states are exchanged as virtual
states in s-channel and are experimentally observed as resonances in these processes of the SM
particles. Signals by the string excited states at colliders were originally pointed out in Ref.[10].
If open strings have momenta and windings around in the direction of extra dimensions
with general Dp-branes (p > 3), KK modes and winding modes of open strings appear in our
four-dimensional space-time. The masses and the ways to contribute to amplitudes of KK
and winding modes depend on the details of the way of compactification. Typical masses of
quantized KK modes and winding modes areMKKn = n
(
Vp−3
)− 1
p−3 andMwind.n = nM
2
s
(
Vp−3
) 1
p−3 ,
respectively. Their masses approximate nMs and they are different from the masses of nth string
excited states, Mn =
√
nMs.
Since closed string states interact only at one-loop level with the SM particles due to open-
closed string duality, we do not consider these states. Black holes may also be produced because
of the low string scale, namely, the low fundamental gravitational scale. However, since these
produced black holes are expected to be evaporated by Hawking radiation, they do not give
contributions to dijet events. We do not consider black holes also.
We concentrate on dijet events which are caused by parton two-body scattering processes
at the LHC. Since a target is the physics on resonances in the dijet invariant mass distribution,
we may only discuss model independency of states which give s-channel poles in the scattering
amplitudes. If momenta in the direction of extra dimensions are conserved at interaction
vertices, states of KK modes (winding modes) can appear only in pair and do not contribute
to s-channel poles. Momenta in the direction transverse to D-branes are non-conserved and
momenta in the direction parallel to D-branes are conserved. Therefore, even if D-branes
contain extra dimensions, there are no s-channel exchanges of single KK modes (winding modes)
in scattering processes of open strings on the D-branes. In scattering processes of open strings
connecting two different stacks of D-branes, however, there are s-channel exchanges of single
KK modes (winding modes) due to non-conservation of momenta.
3
g∗ g∗ g∗ q∗
Figure 1.1: The model independent two-parton scattering processes with exchanges of string
excited states of gluons and quarks, g∗ and q∗, respectively.
gKK
gKK
Figure 1.2: The gg → gg process with the exchange of a pair of KK gluons gKK.
g∗ gKK
Figure 1.3: The model-dependent processes with the exchange of a KK gluon gKK.
The processes of gg → gg, gg → qq¯ and qq¯ → gg are model independent. In these processes,
only string excited states of gluons can contribute to s-channel poles as shown in Fig.1.1, and
KK modes (winding modes) of gluons can appear only in pair as shown in Fig.1.2. The process
of qg → qg is also model independent with string excited states of quarks in s-channel as shown
in Fig.1.1, because momenta on the intersection plane where open strings of chiral fermions are
localized are conserved. On the other hand, the process of qq¯ → qq¯ is model dependent, since
both of KK modes (winding modes) of gluons and gluon excitations are exchanged in s-channel
as shown in Fig.1.3. Fortunately, cross sections of this process are suppressed by the effect of
parton distribution functions (PDFs) at the LHC as a proton-proton collider. We concentrate
on the above model-independent processes at the LHC, and discuss leading string signals which
do not depend on the details of model buildings.
In Section 2, the appearance of the resonance in the dijet invariant mass distribution due
to first string excited states is reviewed. In Section 3, it is shown that spin degeneracy at
the resonance can be observed by analyzing the dijet angular distribution. In Section 4, it
is shown that the second resonance can be observed at rather close to the first resonance in
the dijet invariant mass distribution. In Section 5, we give a summary of our results and
some discussions. Some detailed properties of amplitudes and widths of first and second string
excited states are summarized in Appendix A.
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2 The first string resonances
Spin-averaged squared amplitudes of the model-independent parton two-body scattering
processes with exchanges of the first string excited states are calculated in Ref.[7, 8, 11].
∣∣M1st(gg → gg)∣∣2 = 8
N2
g4
M4s
{
(N2 − 4)2
4(N2 − 1)
[
M8s
(sˆ−M2s )2 +
(
MsΓ
J=0
g∗,1st
)2 + uˆ4 + tˆ4
(sˆ−M2s )2 +
(
MsΓ
J=2
g∗,1st
)2
]
+
[
M8s
(sˆ−M2s )2 +
(
MsΓJ=0C∗,1st
)2 + uˆ4 + tˆ4
(sˆ−M2s )2 +
(
MsΓJ=2C∗,1st
)2
]}
,
(2.1)
∣∣M1st(gg → qq¯)∣∣2 = 2
N(N2 − 1)Nf
g4
M4s
[
N2 − 4
2
uˆtˆ(uˆ2 + tˆ2)
(sˆ−M2s )2 +
(
MsΓ
J=2
g∗,1st
)2+ uˆtˆ(uˆ2 + tˆ2)
(sˆ−M2s )2 +
(
MsΓ
J=2
C∗,1st
)2
]
,
(2.2)∣∣M1st(qq¯ → gg)∣∣2 = 2(N2 − 1)
N3
g4
M4s
[
N2 − 4
2
uˆtˆ(uˆ2 + tˆ2)
(sˆ−M2s )2 +
(
MsΓJ=2g∗,1st
)2+ uˆtˆ(uˆ2 + tˆ2)
(sˆ−M2s )2 +
(
MsΓJ=2C∗,1st
)2
]
,
(2.3)∣∣M1st(qg → qg)∣∣2 =∣∣M1st(q¯g → q¯g)∣∣2
=
N2 − 1
2N2
g4
M2s
[
M4s (−uˆ)
(sˆ−M2s )2 +
(
MsΓ
J=1/2
q∗,1st
)2 + (−uˆ)3
(sˆ−M2s )2 +
(
MsΓ
J=3/2
q∗,1st
)2
]
,
(2.4)∣∣M1st(qg → gq)∣∣2 =∣∣M1st(q¯g → gq¯)∣∣2
=
N2 − 1
2N2
g4
M2s
[
M4s (−tˆ)
(sˆ−M2s )2 +
(
MsΓ
J=1/2
q∗,1st
)2 + (−tˆ)3
(sˆ−M2s )2 +
(
MsΓ
J=3/2
q∗,1st
)2
]
,
(2.5)
where N = 3, Nf = 6 and Γ
J
g∗,C∗,q∗ are total decay widths of the first excited states of gluons,
the U(1)color gauge boson and quarks with spin J , respectively,
ΓJ=0g∗,1st =
g2
4π
Ms
N
4
, ΓJ=2g∗,1st =
g2
4π
Ms
(
N
10
+
Nf
40
)
, (2.6)
ΓJ=0C∗,1st =
g2
4π
Ms
N
2
, ΓJ=2C∗,1st =
g2
4π
Ms
(
N
5
+
Nf
40
)
, (2.7)
Γ
J=1/2
q∗,1st =
g2
4π
Ms
N
8
, Γ
J=3/2
q∗,1st =
g2
4π
Ms
N
16
, (2.8)
where g is the gauge coupling constant of strong interaction2. Here, sˆ, tˆ and uˆ are the Mandel-
stam variables of partons. The squared amplitudes of eqs.(2.1)-(2.5) are “minimal”, because
we do not consider contributions in tˆ- and uˆ-channels, which should be a good approximation
for any low-scale string models at least near the poles of first string excited states, sˆ ≃ M2s .
2The value of Γ
J=3/2
q∗ is different by factor 1/2 from the one in Ref.[11]. See Appendix A for details.
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Figure 2.1: The dijet invariant mass distribution for Ms = 4TeV with 1.4 fb
−1 of integrated
luminosity at
√
s = 14TeV. The red distribution includes all subprocesses of eqs.(2.1)-(2.5),
while the blue distribution includes only dominant subprocesses, qg → qg, of eqs.(2.4)-(2.5).
The black histogram shows the SM background.
Note that all these first string excited states are degenerated in mass at tree level, though they
have different spins and decay widths.
Two partons in final states are hadronized and give dijet events at the LHC. The dijet
invariant mass Mjj is an important observable, since a peak or resonance at the mass of string
excited states in the Mjj distribution may be observed. To make a prediction to the dijet
invariant mass distribution, we have to do computer simulations for hadronization and detector
simulation. There have been few such works on low-scale string models. We perform Monte
Carlo simulations by using CalcHEP [12] for event generation, PYTHIA 8 [13] for hadronization,
Delphes 1.9 [14] for detector simulation using its default detector card for ATLAS, and ROOT
[15] for analysis of event samples. The details of event generations with string resonances are
found in the web page of [16]. In this paper, we do not consider interference effects between
the SM processes and the processes with string excited states, because the latter completely
dominates at the resonances.
In the rest of paper, we chose a valueMs = 4TeV as a reference, though the CMS experiment
gives a boundMs > 4TeV [17]. Fig.2.1 shows the result of simulations of the dijet invariant mass
distribution for Ms = 4TeV and 1.4 fb
−1 of integrated luminosity at
√
s = 14TeV. We apply
cuts pT,j1 > 330GeV, |y1|, |y2| < 2.5 and |y1 − y2| < 1.3, where pT,j1 is a largest transverse
momentum of jets, and y1 and y2 are pseudo-rapidities of first and second jets which have
primary and secondary large pTs. We see that contributions from the processes of qg → qg are
dominant near the resonance at Ms = 4TeV, because of the dominance of quarks in the PDF
at high energies. We consider string contributions to qg → qg processes only in the following.
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3 Angular analysis
The dijet angular distribution exhibits a distinct property in low-scale string models because
of spin degeneracy of string excited states. We consider only the process of qg → qg, because
the cross section of the process is dominant near the resonance in the dijet invariant mass
distribution. In the process, two first string excited states of quarks with J = 1/2 and J = 3/2
are exchanged in s-channel, and they are degenerated in mass. If we can experimentally confirm
the degeneracy of states, it is a signature of low-scale string models.
We analyze the χ-distribution on the resonance, which was used by ATLAS experiment to
search “new physics” beyond the SM [18] (see Ref.[19] for details). The quality χ is defined as
χ = exp(y1 − y2) = 1 + cos θ∗
1− cos θ∗ , (3.1)
where y1 and y2 are pseudo-rapidities of two jets and θ∗ is a scattering angle in the parton center-
of-mass frame. For any “new physics” which gives resonances by heavy states, the number of
events for small χ ∼ 1 is enhanced because of enhancement of scatterings with large angles
cos θ∗ ∼ 0. In the SM, the χ-distribution is flat since t- and u-channel exchanges are dominant.
A formula of the χ-distribution is derived in the following way. A cross section of dijet
events for a two-parton scattering process is described as
σ
(
p1(P1), p2(P2)→j1(p1), j2(p2), X
)
=
∑
i
∑
j
∫ 1
0
dx1
∫ 1
0
dx2fi(x1)fj(x2)σ
(
i(pi), j(pj)→ k(pk), ℓ(pℓ)
)
,
(3.2)
where p1, p2 and X denote incoming protons and QCD remnants and j1, j2 denote observed
jets, and fi(x1), fj(x2) are PDFs of protons for initial partons i, j with the momentum fractions
x1 =
pi
P1
, x2 =
pj
P2
, (3.3)
respectively. A cross section of a specific two-parton scattering process ij → kℓ can be recast
into
σ(ij → kℓ) =
∫ 1
0
dx1
∫ 1
0
dx2fi(x1)fj(x2)
∫
dtˆ
dσ(ij → kℓ)
dtˆ
, (3.4)
where the differential cross section is simply described by a spin-averaged squared amplitude
|M(ij → kℓ)|2 as
dσ(ij → kℓ)
dtˆ
=
∣∣M(ij → kℓ)∣∣2
16πsˆ2
. (3.5)
The formula of the χ-distribution is obtained by performing a change of integrating variables
in eq.(3.4).
In the parton center-of-mass frame, rapidities of partons k and ℓ are opposite in sign:
y ≡ y∗k = −y∗ℓ , since these partons are produced back-to-back in this frame. When we define
a boost velocity from the parton center-of-mass frame to the proton center-of-mass frame,
β ≡ tanhY , pseudo-rapidities of observed jets, y1 and y2, are written as
y1 = y + Y , y2 = −y + Y . (3.6)
7
The quantities
y =
1
2
(y1 − y2) , Y = 1
2
(y1 + y2) , (3.7)
are independent observables. The necessary kinetic variables in eq.(3.4) are described by χ =
exp(2y), Y , and the dijet invariant mass M =
√
sˆ as
tˆ = − M
2
1 + χ
, uˆ = −M
2χ
1 + χ
, (3.8)
x1 =
√
M2
s
eY , x2 =
√
M2
s
e−Y , (3.9)
where
√
s is the proton center-of-mass energy. Then we have
σ(ij → kℓ) =
∫
dM2
∫
dY x1fi(x1)x2fj(x2)
∫
dχ
1
(1 + χ)2
dσ(ij → kℓ)
dtˆ
. (3.10)
Inserting the squared amplitude of eqs.(2.4)-(2.5) into eq.(3.10), a prediction to the χ-distribution
from low-scale string models is obtained as
dσ(qg → qg)
dχ
=
1
(1 + χ)2
(
C1/2 + C3/2
1 + χ3
(1 + χ)3
,
)
(3.11)
where C1/2 and C3/2 are constants. The term proportional to C1/2 represents χ-dependence of
events with exchanges of J = 1/2 states and the term proportional to C3/2 represents that of
J = 3/2 states. The factor 1/(1 + χ)2 in eq.(3.11) is a kinematical factor.
Event samples for the SM only and for the SM with first string excited states in the sub-
processes of qg → qg are generated. The numbers of generated events are corresponding to
1.8 fb−1 and 18.7 fb−1 of integrated luminosity at
√
s = 14TeV. Kinematical cuts imposed in
this analysis are
pT,j1 > 350GeV ,
Ms − 250GeV < Mjj < Ms + 250GeV ,
|y1 − y2| < 2.3 , |y1 + y2| < 2.0 .
(3.12)
The same analysis is applied to both event samples for the SM and for the SM with string excited
states in the subprocesses of qg → qg, and we obtain signal event samples by subtracting the
first one from the second one.
We fit the χ-distribution of signal events with functions of χ in eq.(3.11) in three cases of
C1/2 6= 0 and C3/2 6= 0, C1/2 6= 0 and C3/2 = 0, and C1/2 = 0 and C3/2 6= 0. These three
cases correspond to assumptions with both J = 1/2 and 3/2 states, only a J = 1/2 state and
only a J = 3/2 state, respectively. Assuming the state with only J = 1/2, for example, is
corresponding to consider new quark-like particles of some other “new physics”. The results of
these fits are shown in Figs.3.1-3.3.
We clearly see in Fig.3.3 that the fit with only J = 3/2 is not good. The difference of
goodness-of-fit between the fit with both J = 1/2 and 3/2 and the one with only J = 1/2,
however, are visually not apparent. The p-values of these fits are shown in Table 3.1.
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Figure 3.1: The χ-distribution for Ms = 4TeV with 18.7 fb
−1 of integrated luminosity at√
s = 14TeV. The blue line is a fit with both J = 1/2 and 3/2 states.
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Figure 3.2: The χ-distribution for Ms = 4TeV with 18.7 fb
−1 of integrated luminosity at√
s = 14TeV. The blue short dashed line is a fit with only a J = 1/2 state.
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Figure 3.3: The χ-distribution for Ms = 4TeV with 18.7 fb
−1 of integrated luminosity at√
s = 14TeV. The blue long dashed line is a fit with only a J = 3/2 state.
J = 1/2 and 3/2 J = 1/2 only J = 3/2 only
9.8 fb−1 0.003734 (2.20) 0.001187 (2.37) 1.248× 10−31 (11.28)
18.7 fb−1 0.7471 (0.747) 0.04058 (1.67) 0. (16.84)
Table 3.1: p-values (reduced χ2 values) of the fits
The p-value, in brief, is a probability that a hypothesis is excluded by error in spite of that
the hypothesis is correct [20]. Namely, if the p-value is small, we can exclude the hypothesis.
With 9.8 fb−1 of integrated luminosity, p-values of the fits with J = 1/2 and 3/2 and with only
J = 1/2 are of the same order and very small. It is difficult to distinguish them statistically.
However, with 18.7 fb−1 of integrated luminosity, the p-value of the fit with J = 1/2 and 3/2
is much larger than that of the fit with only J = 1/2. Since a significance level of p-values to
exclude a hypothesis is usually taken as 0.05, the fit with J = 1/2 and 3/2 in which the p-value
is 0.75 much higher than 0.05 can be said to be good, and the fit with only J = 1/2 in which
the p-value is lower than 0.05 can be excluded. If we look at the χ-distribution of Fig.3.2 closer,
we see that the fit in the region χ & 3.8 is systematically inconsistent.
We conclude that spin degeneracy at the resonance in the dijet invariant mass distribution
by string excited states can be experimentally confirmed. This can be a signature of low-scale
string models.
4 The second string resonances
Another distinct property of low-scale string models is the appearance of the second reso-
nance in the dijet invariant mass distribution at a specific value of Mjj . Second string excited
10
states have characteristic masses ofM2nd =
√
2Ms, while second KK modes of the SM particles,
for example, have typical masses of MKK2nd ∼ 2M where M is the mass of first KK modes. If a
low-scale string model is realized, the second resonance should exist at rather close to the first
resonance in the dijet invariant mass distribution.
We calculate spin-averaged squared amplitudes of the dominant processes, qg → qg and
qg → gq, with exchanges of second string excited states.∣∣M2nd(qg → qg)∣∣2 = ∣∣M2nd(q¯g → q¯g)∣∣2
=
2(N2 − 1)
N2
{
g4
2M2s
[
1
9
M4s (−uˆ)(
sˆ− 2M2s
)2
+
(√
2MsΓ
J=1/2
q∗,2nd
)2 + 19 (−uˆ)(3tˆ+ sˆ)
2(
sˆ− 2M2s
)2
+
(√
2MsΓ
J=3/2
q∗,2nd
)2
]
+
g4
8M6s
[
9
25
M4s (−uˆ)3(
sˆ− 2M2s
)2
+
(√
2MsΓ
J=3/2
q∗,2nd
)2 + 125 (−uˆ)
3(5tˆ+ sˆ)2(
sˆ− 2M2s
)2
+
(√
2MsΓ
J=5/2
q∗,2nd
)2
]}
,
(4.1)∣∣M2nd(qg → gq)∣∣2 = ∣∣M2nd(q¯g → gq¯)∣∣2
=
2(N2 − 1)
N2
{
g4
2M2s
[
1
9
M4s (−tˆ)(
sˆ− 2M2s
)2
+
(√
2MsΓ
J=1/2
q∗,2nd
)2 + 19 (−tˆ)(3uˆ+ sˆ)
2(
sˆ− 2M2s
)2
+
(√
2MsΓ
J=3/2
q∗,2nd
)2
]
+
g4
8M6s
[
9
25
M4s (−tˆ)3(
sˆ− 2M2s
)2
+
(√
2MsΓ
J=3/2
q∗,2nd
)2 + 125 (−tˆ)
3(5uˆ+ sˆ)2(
sˆ− 2M2s
)2
+
(√
2MsΓ
J=5/2
q∗,2nd
)2
]}
.
(4.2)
Total widths of the second excited states of quarks with spin J , ΓJq∗,2nd, are given by
Γ
J=1/2
q∗,2nd =
g2
4π
√
2Ms
N
24
, Γ
J=3/2
q∗,2nd =
g2
4π
√
2Ms
19N
240
, Γ
J=5/2
q∗,2nd =
g2
4π
√
2Ms
N
60
, (4.3)
where N = 3 (see Appendix A).
We include interference effects between first and second string excited states. The squared
amplitudes in eqs.(2.4)-(2.5) and eqs.(4.1)-(4.2) are formulae in a good approximation only
around sˆ ≃ M2s and sˆ ≃ 2M2s , respectively. The interference effects should be calculated without
replacements of sˆ by M2s or 2M
2
s in the processes of deriving eqs.(2.4)-(2.5) and eqs.(4.1)-(4.2),
respectively (see Appendix A for details).
The structure of the amplitudes for the processes of qg → qg is obtained as
Aqg→qg = A
J=1/2
1st + A
J=1/2
2nd + A
J=3/2
2nd , (4.4)
where AJnth describe contributions of nth string excited states with spin J . The squared ampli-
tude includes three kinds of interference terms.∣∣Aqg→qg∣∣2=∣∣AJ=1/21st ∣∣2+∣∣AJ=1/22nd ∣∣2+∣∣AJ=3/22nd ∣∣2
+
(
A
J=1/2
1st A
J=1/2
2nd
∗
+ c.c
)
+
(
A
J=1/2
1st A
J=3/2
2nd
∗
+ c.c
)
+
(
A
J=1/2
2nd A
J=3/2
2nd
∗
+ c.c
)
.
(4.5)
The last term, an interference between two amplitudes with poles at the same place, M22nd =
2M2s , gives large contributions to the total peak cross section at sˆ = 2M
2
s . The other two inter-
ference terms give small suppression effects in the region of M2s < sˆ < 2M
2
s . The interference
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Figure 4.1: The dijet invariant mass distribution with interference effects between first and
second excited states for Ms = 4TeV with 50 fb
−1 of integrated luminosity at
√
s = 14TeV.
Black histogram shows the SM background.
effects between the SM contributions and string contributions are not included. There should
be some effects due to uˆ- and tˆ-channel exchanges of string excited states, which might give a
certain effect in the region of M2s < sˆ < 2M
2
s . We leave detailed analyses in these effects for
future works. Without including these effects, the peak cross sections at sˆ =Ms and sˆ = 2M
2
s
should be correctly estimated, which is sufficient for the aim of this paper.
Event samples for the SM with first and second string excited states are generated. The
number of events is corresponding to 50 fb−1 at
√
s = 14TeV. Kinematical cuts imposed in
this analysis are
pT,j1 > 350GeV ,
|y1,2| < 2.3 , |y1 − y2| < 1.7 .
(4.6)
The dijet invariant mass distribution is shown in Fig.4.1. We see the first string resonance at
Mjj = Ms = 4TeV and the second string resonance at Mjj =
√
2 ×Ms ≃ 5.66TeV. We need
integrated luminosity of 50 fb−1 to obtain enough events at high energies and to see the second
string resonance clearly. Signal-to-noise ratios for the second string resonance are calculated in
the dijet invariant mass window [
√
2Ms−250GeV,
√
2Ms+250GeV]. For 18.5 fb
−1 of integrated
luminosity, S/
√
B = 71/
√
133 ≃ 6σ, and for 50 fb−1, S/√B = 217/√313 ≃ 12σ.
If a resonance in the dijet invariant mass distribution is observed at the LHC, we should
look for a second resonance at rather close to the first resonance. If the second resonance is
discovered at a place
√
2 times far from the place of the first resonance, which is a strong
signature for low-scale string models.
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5 Conclusions
We have investigated phenomenology of low-scale string models at the LHC. Since in low-
scale string models, the string scale Ms is of the order of TeV with large extra dimensions, it is
expected some string excited states as well as KK states may be observed at the LHC. It has
been known that parton two-body scattering processes at the LHC is highly model independent,
namely independent from the way of compactification of extra dimensions, and processes with
single KK state in s-channel are highly suppressed. Therefore, dijet events at the LHC are that
should be focused to observe string excited states.
The string excited states appear as resonances in the dijet invariant mass distribution. Since
several string excited states with different spins are degenerated in mass of Ms, dijet events on
the resonance exhibit special angular distributions which are not realized in any other “new
physics” with a single heavy state. We have investigated the χ-distribution on the resonance
by Monte Carlo simulations and shown that main contributions of two kinds of string excited
states of quarks with spin J = 1/2 and J = 3/2 can be confirmed with 20 fb−1 of integrated
luminosity at
√
s = 14TeV.
Another inevitable prediction of low-scale string models is emergence of a second resonance
in the dijet invariant mass distribution due to second string excited states of quarks and gluons.
A distinct property is the place of the second resonance, namely the mass of second string
excited states. The masses should be
√
2Ms which should be compared with that masses of
second KK states is twice that of first KK states. We have shown by Monte Carlo simulations
that the second resonance in the dijet invariant mass distribution due to second string excited
states can be observed with 50 fb−1 of integrated luminosity at
√
s = 14TeV.
Though these are necessary and inevitable signatures of low-scale string models, more infor-
mation is necessary to establish low-scale string. For example, confirmation of special angular
distributions of dijet events on the second resonance, and emergence of light anomalous U(1)
gauge bosons with special interactions related with anomaly structures (though this is rather
highly model dependent) should be worth to investigate in future. We are planning a system-
atic and detailed study of second string excited states with larger values of string scales than
4TeV which is the current lower bound by the CMS experiment.
Note added. After accepting this article for publication, we became aware that the im-
portance of second excited states has been pointed out in ref. [21].
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A Amplitudes and widths with string excited states
Open-string two-body scattering amplitudes between quarks and gluons are calculated by
the world-sheet superconformal field theory in flat space-time as
M(q±1 g±2 → q±3 g±4 ) = 2g2
√
− s
u
[
s
t
Vs
(
T a2T a4
)
α3α1
+
u
t
Vu
(
T a4T a2
)
α3α1
]
, (A.1)
M(q±1 g∓2 → q±3 g∓4 ) = 2g2
√
−u
s
[
s
t
Vs
(
T a2T a4
)
α3α1
+
u
t
Vu
(
T a4T a2
)
α3α1
]
, (A.2)
where α1, α3 are color indices of quarks, a2, a4 are color indices of gluons, and s, t and u
are the Mandelstam variables of partons with s + t + u = 0. Here, the generators T ai are for
the fundamental representation of SU(3)color gauge group. Amplitudes M(q±1 g±2 → g±3 q±4 ) and
M(q±1 g∓2 → g∓3 q±4 ) are obtained by replacements of u↔ t and 3 ↔ 4 in the above amplitudes
of eqs.(A.1)-(A.2).
The functions Vs,t,u in eqs.(A.1)-(A.2) are “form factor” functions of the Mandelstam vari-
ables which represent string effects in open-string amplitudes.
Vt = V (s, t, u) , Vu = V (t, u, s) , Vs = V (u, s, t) , (A.3)
where
V (s, t, u) =
Γ(1− s/M2s )Γ(1− u/M2s )
Γ(1 + t/M2s )
=
1
M2s
su
t
Γ(−s/M2s )Γ(−u/M2s )
Γ(t/M2s )
. (A.4)
These functions are expanded by sums over infinite s-channel poles.
Vt =
1
M2s
su
t
{
−
∞∑
n=1
1
n!
1
(M2s )
n−1
1
s− nM2s
n∏
J=1
(
u+ JM2s
)
+O((s− nM2s )0)
}
. (A.5)
Note that the function Vs has no s-channel poles. The terms of O
(
(s−nM2s )0
)
in eq.(A.5) can
be neglected if we consider only near each nth pole: s ≃ nM2s . The each pole corresponds to
nth string excited state with mass Mn =
√
nMs.
The form factor functions are also expanded by (M2s )
−1 as
Vt = 1− π
2
6
su
(
1
M2s
)2
+O((M2s )−3) , (A.6)
which corresponds to the low-energy limit, namely Vs,t,u → 1 with Ms → ∞. In a low-energy
limit, the open-string amplitudes of qg → qg in eqs.(A.1)-(A.2) exactly coincide with the QCD
amplitudes,
MQCD(q±1 g±2 → q±3 g±4 ) = 2g2
√
− s
u
[
s
t
(
T a2T a4
)
α3α1
+
u
t
(
T a4T a2
)
α3α1
]
, (A.7)
MQCD(q±1 g∓2 → q±3 g∓4 ) = 2g2
√
−u
s
[
s
t
(
T a2T a4
)
α3α1
+
u
t
(
T a4T a2
)
α3α1
]
. (A.8)
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A.1 The first excited states
In case of n = 1, the form factor functions are approximated near the first s-channel pole,
s ≃M2s , as
Vt ≃ u
s−M2s
, Vu ≃ t
s−M2s
. (A.9)
Amplitudes of qg → qg with exchanges of the first quark excited states in eqs.(A.1)-(A.2) are
recast into
M1st(q±1 g±2 → q±3 g±4 ) ≃ −2g2M2s
1
s−M2s
d
J=1/2
∓1/2,∓1/2(θ)
(
T a4T a2
)
α3α1
, (A.10)
M1st(q±1 g∓2 → q±3 g∓4 ) ≃ −2g2M2s
1
s−M2s
d
J=3/2
±3/2,±3/2(θ)
(
T a4T a2
)
α3α1
, (A.11)
where dJJz,J ′z(θ)s are the Wigner d-functions,
d
J=1/2
±1/2,±1/2(θ) = cos
θ
2
, d
J=3/2
±3/2,±3/2(θ) = cos
θ
2
(
1 + cos θ
2
)
. (A.12)
The Wigner d-function dJJz,J ′z(θ) represents angular dependence of a state with spin J with
conditions of the initial spin component Jz along the z-axis and the final spin component J
′
z
along the z′-axis. The angle θ is that between the z-axis and z′-axis. Therefore, the exchanged
state in the process of eq.(A.10) with Jz = ±1/2 are first quark excited states with J = 1/2
and the exchanged states in the process of eq.(A.11) with Jz = ±3/2 are first quark excited
state with J = 3/2.
The s-channel poles in eq.(A.5) have to be softened into Breit-Wigner forms:
1
s− nM2s
→ 1
s− nM2s + i
√
nMsΓJq∗,nth
, (A.13)
where the widths of the nth excited states of quarks q∗ with spin J , ΓJq∗,nth, are added by hand.
The width is calculated as follows. A Lorentz invariant amplitude in a two-body scattering
process, in which a state with mass M , spin J and the gauge index α is exchanged in s-channel,
is written in the following form,
M = −
∑
α,J
1
s−M2F
αJ
λ3,λ4;α3,a4
F αJλ1,λ2;α1,a2d
J
λ1−λ2,λ3−λ4(θ) , (A.14)
where the entire negative sign is just a convention. The quantities F αJλi,λj ;αi,aj are vertex factors
in decay of the exchanged state in the process of eq.(A.14) with spin J and the gauge index α
into two states with the helicities λi, λj and gauge indices αi, aj , which are independent from
a spin component Jz of the exchanged state. The decay width of the exchanged state can be
calculated as
ΓαJλ3,λ4;α3,a4 =
1
16πM
1
2J + 1
∣∣F αJλ3,λ4;α3,a4∣∣2 . (A.15)
See Ref.[11] for details.
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From the amplitudes of eqs.(A.10)-(A.11), we have
F
αJ=1/2
±1/2,±1;α3,a4
∣∣∣∣
1st
=
√
2gMs
(
T a4
)
αα3
, F
αJ=3/2
±1/2,∓1;α3,a4
∣∣∣∣
1st
=
√
2gMs
(
T a4
)
αα3
. (A.16)
Color-averaged decay widths of the first quark excited state q∗ with J in a decay process of
q∗ → qG are calculated as
ΓJq∗→qG,1st =
1
16πMs
1
2J + 1
1
N
∑
α
∑
α3,a4
∑
λ3,λ4
∣∣F αJλ3,λ4;α3,a4∣∣2, (A.17)
where N = 3. In case of J = 1/2,
Γ
J=1/2
q∗→qG,1st =
1
16πMs
1
2× 1
2
+ 1
1
N
∑
α
∑
α3,a4
1
2
{∣∣F αJ=1/2
+1/2,+1;α3,a4
∣∣2 + ∣∣F αJ=1/2−1/2,−1;α3,a4∣∣2
}
=
g2Ms
16π
1
N
∑
a4
tr
(
T a4T a4
)
.
(A.18)
The factor 1
2
of a sum over helicities comes from a fact that the final state helicity configuration
(λ3, λ4) = (+1/2,+1) couples only to the initial state helicity Jz = −1/2, while (λ3, λ4) =
(−1/2,−1) couples only to Jz = +1/2. The same applies to the case of J = 3/2 (see eqs.(A.10)-
(A.11)).
The decay products G in the process of q∗ → qG are gauge bosons of U(3)color gauge
group. The U(N) gauge bosons GA (A = 1, · · · , N2) are split into SU(N) gauge bosons ga
(a = 1, · · · , N2 − 1), namely gluons in case of N = 3 and a U(1) gauge boson C0. The
U(N) generators TA are also split into SU(N) generators T a with tr(T aT b) = 1
2
δab and a U(1)
generator T 0 = 1√
2N
1N . Hence,
1
N
N2−1∑
a=1
tr
(
T aT a
)
=
N2 − 1
2N
for q∗ → qg ,
1
N
tr
(
T 0T 0
)
=
1
2N
for q∗ → qC0 .
(A.19)
Total widths of the first quark excited states with J = 1/2 and J = 3/2 are obtained as eq.(2.8).
Spin- and color-averaged squared amplitude of qg → qg with exchanges of the first quark
excited states with J = 1/2 and J = 3/2 is calculated from eqs.(A.10)-(A.11) as
∣∣M1st(q1g2 → q3g4)∣∣2 = 1
N
1
N2 − 1
∑
α1,a2
∑
α3,a4
×
(
1
2
)2{∣∣M1st(q+1 g+2 → q+3 g+4 )∣∣2 + ∣∣M1st(q−1 g−2 → q−3 g−4 )∣∣2
+
∣∣M1st(q+1 g−2 → q+3 g−4 )∣∣2 + ∣∣M1st(q−1 g+2 → q−3 g+4 )∣∣2
}
.
(A.20)
This is equal to the right-handed side of the second line of eq.(2.4).
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A.2 The second excited states
In case of n = 2, the form factor functions are approximated near the second s-channel
pole, s ≃ 2M2s , as
Vt ≃ 1
M2s
u
s− 2M2s
(
u+
s
2
)
, Vt ≃ 1
M2s
t
s− 2M2s
(
t+
s
2
)
. (A.21)
Amplitudes of qg → qg with exchanges of the second quark excited states are recast into
M2nd(q±1 g±2 → q±3 g±4 ) ≃ −4g2M2s
1
s− 2M2s
[
1
3
d
J=1/2
∓1/2,∓1/2(θ) +
2
3
d
J=3/2
∓1/2,∓1/2(θ)
](
T a4T a2
)
α3α1
,
(A.22)
M2nd(q±1 g∓2 → q±3 g∓4 ) ≃ −4g2M2s
1
s− 2M2s
[
3
5
d
J=3/2
±3/2,±3/2(θ) +
2
5
d
J=5/2
±3/2,±3/2(θ)
](
T a4T a2
)
α3α1
,
(A.23)
where the Wigner d-functions are given in eq.(A.12) and
d
J=3/2
±1/2,±1/2(θ) = cos
θ
2
(
3 cos θ − 1
2
)
, d
J=5/2
±3/2,±3/2(θ) = cos
θ
2
(
1 + cos θ
2
)(
5 cos θ − 3
2
)
.
(A.24)
Therefore, the exchanged states in the process of eq.(A.22) with Jz = ±1/2 are second quark
excited states with J = 1/2 and J = 3/2, and the exchanged states in the process of eq.(A.23)
with Jz = ±3/2 are second quark excited states with J = 3/2 and J = 5/2.
From the amplitudes of eqs.(A.22)-(A.23), we have
F
αJ=1/2
±1/2,±1;α3,a4
∣∣∣∣
2nd
=
2√
3
gMs
(
T a4
)
αα3
, F
αJ=3/2
±1/2,±1;α3,a4
∣∣∣∣
2nd
= 2
√
2
3
gMs
(
T a4
)
αα3
, (A.25)
F
αJ=3/2
±1/2,∓1;α3,a4
∣∣∣∣
2nd
= 2
√
3
5
gMs
(
T a4
)
αα3
, F
αJ=5/2
±1/2,∓1;α3,a4
∣∣∣∣
2nd
= 2
√
2
5
gMs
(
T a4
)
αα3
. (A.26)
Color-averaged decay widths of the second quark excited state q∗ with J are calculated. In case
of J = 3/2, since there are contributions from both processes of eq.(A.22) and eq.(A.23) with
exchanges of states with Jz = ±1/2 and Jz = ±3/2, respectively,
Γ
J=3/2
q∗,2nd =
1
16π
√
2Ms
1
2× 3
2
+ 1
1
N
∑
α
∑
α3,a4
1
2
{∣∣F αJ=3/2
+1/2,+1;α3,a4
∣∣2 + ∣∣F αJ=3/2−1/2,−1;α3,a4∣∣2
+
∣∣F αJ=3/2
+1/2,−1;α3,a4
∣∣2 + ∣∣F αJ=3/2−1/2,+1;α3,a4∣∣2
}
=
g2Ms
16
√
2π
(
2
3
+
3
5
)
1
N
∑
a4
tr
(
T a4T a4
)
.
(A.27)
Total widths of the second quark excited states with J = 1/2, J = 3/2 and J = 5/2 are
obtained as eq.(4.3). We are neglecting subdominant decay processes to the first string excited
states.
The spin- and color-averaged squared amplitude is calculated from eqs.(A.22)-(A.23) in a
similar way to eq.(A.20) and the result is equal to eq.(4.1).
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A.3 The interference between the first and second excited states
The interference effects between first and second excited states have to be calculated without
replacements of s withM2s in eqs.(A.10)-(A.11) and with 2M
2
s in eqs.(A.22)-(A.23). It is because
we need amplitudes in the region of s a little far from the poles of first and second excited states.
Amplitudes of qg → qg with exchanges of the first and second quark excited sates are
written as
M1st+2nd(q±1 g±2 → q±3 g±4 ) = 2g2
(
T a4T a2
)
α3α1
×
{
− s
2
M2s
√
−u
s
1
s−M2s + iMsΓJ=1/2q∗,1st
− s
3
4M4s
[
1
3
√
−u
s
1
s− 2M2s + i
√
2MsΓ
J=1/2
q∗,2nd
+
2
3
√
−u
s
(
3t+ s
s
)
1
s− 2M2s + i
√
2MsΓ
J=3/2
q∗,2nd
]}
,
(A.28)
M1st+2nd(q±1 g∓2 → q±3 g∓4 ) = 2g2
(
T a4T a2
)
α3α1
×
{
− s
2
M2s
(
−u
s
)3/2
1
s−M2s + iMsΓJ=3/2q∗,1st
− s
3
4M4s
[
3
5
(
−u
s
)3/2
1
s− 2M2s + i
√
2MsΓ
J=3/2
q∗,2nd
+
2
5
(
−u
s
)3/2(
5t+ s
s
)
1
s− 2M2s + i
√
2MsΓ
J=5/2
q∗,2nd
]}
.
(A.29)
Spin- and color-averaged squared amplitude including the interference effects is calculated from
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eqs.(A.28)-(A.29) as∣∣M1st+2nd(qg → qg)∣∣2
=
4
9
g4 ×
{
s
M4s
[
s2
(−u)(
s−M2s
)2
+
(
MsΓ
J=1/2
q∗,1st
)2 +
(−u)3(
s−M2s
)2
+
(
MsΓ
J=3/2
q∗,1st
)2
]
+
s3
16M8s
[
1
9
s2
(−u)(
s− 2M2s
)2
+
(√
2MsΓ
J=1/2
q∗,2nd
)2 + 925
(−u)3(
s− 2M2s
)2
+
(√
2MsΓ
J=3/2
q∗,2nd
)2
]
+
s
4M8s
[
1
9
s2
(−u)(3t+ s)2(
s− 2M2s
)2
+
(√
2MsΓ
J=3/2
q∗,2nd
)2 + 125
(−u)3(5t+ s)2(
s− 2M2s
)2
+
(√
2MsΓ
J=5/2
q∗,2nd
)2
]
+
s2
2M6s
[
1
3
s2
(−u)(
s−M2s
)2
+
(
MsΓ
J=1/2
q∗,1st
)2
(
s−M2s
)(
s− 2M2s
)
+
√
2M2s Γ
J=1/2
q∗,1st Γ
J=1/2
q∗,2nd(
s− 2M2s
)2
+
(√
2MsΓ
J=1/2
q∗,2nd
)2
+
3
5
(−u)3(
s−M2s
)2
+
(
MsΓ
J=3/2
q∗,1st
)2
(
s−M2s
)(
s− 2M2s
)
+
√
2M2s Γ
J=3/2
q∗,1st Γ
J=3/2
q∗,2nd(
s− 2M2s
)2
+
(√
2MsΓ
J=3/2
q∗,2nd
)2
]
+
s
M6s
[
1
3
s2
(−u)(3t+ s)(
s−M2s
)2
+
(
MsΓ
J=1/2
q∗,1st
)2
(
s−M2s
)(
s− 2M2s
)
+
√
2M2s Γ
J=1/2
q∗,1st Γ
J=3/2
q∗,2nd(
s− 2M2s
)2
+
(√
2MsΓ
J=3/2
q∗,2nd
)2
+
1
5
(−u)3(5t + s)(
s−M2s
)2
+
(
MsΓ
J=3/2
q∗,1st
)2
(
s−M2s
)(
s− 2M2s
)
+
√
2M2s Γ
J=3/2
q∗,1st Γ
J=5/2
q∗,2nd(
s− 2M2s
)2
+
(√
2MsΓ
J=5/2
q∗,2nd
)2
]
+
s2
4M8s
[
1
9
s2
(−u)(3t+ s)(
s− 2M2s
)2
+
(√
2MsΓ
J=1/2
q∗,2nd
)2
(
s− 2M2s
)2
+ 2M2s Γ
J=1/2
q∗,2nd Γ
J=3/2
q∗,2nd(
s− 2M2s
)2
+
(√
2MsΓ
J=3/2
q∗,2nd
)2
+
3
25
(−u)3(5t+ s)(
s− 2M2s
)2
+
(√
2MsΓ
J=3/2
q∗,2nd
)2
(
s− 2M2s
)2
+ 2M2s Γ
J=3/2
q∗,2nd Γ
J=5/2
q∗,2nd(
s− 2M2s
)2
+
(√
2MsΓ
J=5/2
q∗,2nd
)2
]}
.
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